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Chiral recognition of di-o-benzoyl-tartaric acid dibutyl ester (T) was achieved in the gas phase
by electrospray ionization Fourier transform ion cyclotron resonance mass spectrometry. In
this method two divalent transition metal cations, zinc(II) and copper(II), were used as binding
metal ions, and L-tryptophan (A) was used as a chiral reference. Multimeric complexes were
readily formed by electrospray ionization of a methanol:water (50:50) solution containing
metal ion, L-tryptophan and T. These multimeric complexes included singly charged proton-
ated dimeric [TAH], doubly charged copper(II) bound tetrameric [TACu-H]2
2 and doubly
charged zinc(II) bound tetrameric [TAZn-H]2
2, together with other complexes. The mass-
selected complex, i.e., [TAH], [TACu-H]2
2 and [TAZn-H]2
2, was used to acquire the second
stage mass spectra. The chiral recognition capability of these three complexes was evaluated
using the abundance ratios of daughter ion to parent ion. A high degree of chiral recognition
ability was observed in [TACu-H]2
2 and [TAZn-H]2
2. It was found that the type of binding ion
played an important role in the chiral recognition. Different binding ions exhibited distinctive
dissociation pathways and unique chiral recognition characteristics. The present method is
based not only on whole-molecule loss but also on fractional-molecule loss. In addition, the
reproducibility of the chiral recognition method was confirmed by several determinations of
the abundance ratios of daughter ion to parent ion with a fixed activation energy and with five
different activation energies. It was also shown that this chiral recognition method can tolerate
acid interference. (J Am Soc Mass Spectrom 2003, 14, 571–580) © 2003 American Society for
Mass Spectrometry
Chiral recognition is an important topic in currentchemistry and biochemistry. Until now, manymethods have been used for the chiral recogni-
tion of organic compounds, including circular dichro-
ism, chromatography, capillary electrophoresis, nuclear
magnetic resonance and mass spectrometry. Mass spec-
trometry is increasingly becoming an important tool for
studying chiral recognition due to its sensitivity, speed,
and simplicity. Moreover, this method allows evalua-
tion of the intrinsic interactions in the diastereomeric
complex and provides structural confirmation without
interference from solvent or a stationary phase. Soft
ionization approaches, including fast atom bombard-
ment, matrix-assisted laser desorption ionization and
electrospray ionization, allow formation of the gas
phase ions of these non-covalent or weakly-bound
complexes. Mass spectrometry has been successfully
used to discover and explain the abiogenic sources of
homochirality that might be an important step towards
the explanation of the origin of life [1, 2]. Significant
progress has been made on chiral recognition based
exclusively on mass spectrometry since the first pub-
lished paper [3–5]. Many elegant methods have been
developed, such as: (1) Discriminating the intensities of
the pair of diastereomeric complexes in one stage mass
spectra based on their different stabilities, including the
enantiomer guest or host labeled method [6–17]. This
method has been used to rapidly screen the chiral
discrimination abilities in combinatorial chemistry be-
cause of its simplicity and speed, however, the energy
difference between the pair of diastereomeric com-
plexes must be sufficiently large [6, 7]. (2) Discriminat-
ing the abundance ratios of daughter ion to parent ion
after the mass-selected diastereomeric complexes are
fragmented in second stage mass spectra [18–20]. (3)
Discriminating the abundance ratios of two daughter
ions (based on two competitive dissociation pathways)
after the mass-selected diastereomeric complexes are
fragmented in second stage mass spectra. This method
is popularly known as the kinetic method, and has
gained much attention recently [21–26]. However the
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“kinetic method” has a rigorous condition that the
target compound and the chiral reference must be both
protonated or cationized and must have equal detection
efficiencies. Therefore, the structure of the chiral refer-
ence must be similar to that of the target compound. (4)
Discriminating the intensities of product or reactant
complexes in second stage mass spectra based on the
different ion/molecule reaction rates of the pair of
diastereomeric complexes [27, 28]. All these methods
employ a chiral host molecule or an optically pure
reagent to associate with the target compound forming
a pair of diastereomeric complexes. Many kinds of
macrocyclic compounds have already been used as
chiral references in mass spectrometry [8–12, 27, 28].
The metal binding complexes of natural chiral amino
acids are commonly utilized chiral selectors [21, 22]. It
has been shown that these chiral amino acids with an
aromatic side chain provide the greatest chiral distinc-
tion [19–22]. Furthermore, the electron-donating nitro-
gen in Trp and His appears to be important for substan-
tial chiral discrimination [19]. The metal ions of lithium,
cobalt, antimony and copper have been used to assist
the chiral reference in achieving chiral recognition [13,
21–25]. Copper ion is the most utilized metal ion and
the characteristics of copper associated complexes have
also been studied [29–33]. Recently, zinc ion has also
been used as a binding metal ion to effect good chiral
recognition of sugars [34]. Dialkyltartrates were the first
class of model compounds selected as targets to study
chiral recognition by mass spectrometry [3]. Since that
time tartaric acid and its derivatives were used fre-
quently to study their chirality in the gas phase [35–42].
Herein, di-o-benzoyl-tartaric acid dibutyl ester (T) is
selected as a target to study its chirality using L-
tryptophan (A) as a chiral reference and zinc(II) or
copper(II) as an auxiliary metal ion by electrospray
ionization Fourier transform ion cyclotron resonance
mass spectrometry (ESI-FTMS). When the solution of T
with a transition metal salt and L-tryptophan under-
goes electrospray ionization, many multimeric com-
plexes are efficiently generated, such as singly charged
copper(II) bound trimeric [TA2Cu-H]
, singly charged
protonated dimeric [TAH], doubly charged copper(II)
bound tetrameric [TACu-H]2
2 and [T3ACu]
2, doubly
charged zinc(II) bound tetrameric [TAZn-H]2
2 and
[T3AZn]
2, doubly charged zinc(II) bound pentameric
[T3A2Zn]
2, [T2A3Zn]
2 and [T4AZn]
2, and even dou-
bly charged zinc(II) bound hexameric [T3A3Zn]
2.
Three types of multimeric complexes, i.e., [TAH],
[TACu-H]2
2 and [TAZn-H]2
2, are then selected to ob-
tain tandem mass spectra. Both [TACu-H]2
2 and
[TAZn-H]2
2 are novel complexes; in these tandem mass
spectrometry experiments, both [TACu-H]2
2 and
[TAZn-H]2
2 generate special and discriminative frag-
ments, respectively, depending strongly on both the
stereo configuration of T and the type of the binding
ion. A high degree of chiral recognition capability is
demonstrated in these two pairs of diastereomeric com-
plexes. In addition the reproducibility of the method is
confirmed by several determinations of the abundance
ratios of daughter ion to parent ion under a fixed activa-
tion energy and under five different activation energies.
The stability of the method is also studied by adding acetic
acid to the mixed solution. Finally, it is worth noting
that the present method achieves chiral recognition
based on not only whole-molecule loss but also frac-
tional-molecule loss; the latter is rarely reported.
Experimental
Instrumentation and Methods
All MS and tandem MS experiments were carried out at
Bruker Daltonics (Billerica, MA) using an APEX IIITM
ESI-FTMS equipped with a 7.0 Tesla shielded supercon-
ducting magnet. The vacuum was maintained by two
systems of rotary vacuum pumps followed by turbo-
molecular pumps in two different regions: ion source
(maintained 5.0  107 torr) and cell region (main-
tained 4.0  1010 torr). The ions were focused through
the ion transfer region by the RF-only hexapole ion guide
and were transferred to the cell for trapping and detection.
All the parameters of the ESI source, ion transfer, and cell
were optimized for sensitivity. The main parameters were:
The capillary and end plate voltages were 4576 and
4056 V, respectively. Dry gas and nebulization gas
temperatures were 116 °C and 300 °C, respectively. The
ESI generated ions were accumulated in a hexapole for
0.5 s before being transferred to the cell. The cell trapping
potential on the front plate (PV1) was 0.87 V and the
potential on the back plate (PV2) was 1.08 V with the
potential difference between the sidekick electrodes
(DEV2) of 8.80 V. For the tandem MS experiments the
mass isolation and activation were performed with the
isolation sweep attenuation/isolation pulse length of 12
dB/1 ms and activation attenuation/activation pulse
length of 30 dB/1 s, respectively (unless specified other-
wise). When fragmentation of the multimeric complexes
was studied, argon gas was introduced into the cell using
a variable leak valve (a pulse length of 1 ms) and main-
tained at 5  108 torr. The postive ion mode was used
to acquire the spectra with broadband detection (20 scans
per experiment each) from 100 to 1500 Da using 256 K
data points. All experimental sequences including scan
accumulation and data processing were performed with
XMASS 6.0.0 software on a DELL computer with 256 MB
RAM, 40 GB harddrive. The samples were injected at a
flow rate of 5 L/min using a syringe pump. The instru-
ment was calibrated externally with a 50:50 water/meth-
anol solution of PEG-400.
Preparation of the Samples
The enantiomerically pure L- and D-T were obtained
from Shanghai Institute of Organic Chemistry, and
were identified by IR spectra, CD, 1H NMR, 13C NMR
and high resolution MS. Anhydrous ZnSO4 and anhy-
drous CuSO4 were purchased from Shanghai Institute of
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Science and Technology as analytically pure reagents;
they were used without further purification. All the
above compounds, as well as L-tryptophan (purchased
from Sigma, St. Louis, MO) were dissolved in 50:50
(vol/vol) deionized water/methanol, respectively. The
gas phase multimeric complexes were generated by
electrospray ionziation of the solutions containing Zn2
or Cu2, L-tryptophan and enantiomerically pure T, 3.3
 106 mol/mL each.
Results and Discussion
Forming Multimeric Complexes Containing
Different Binding Ions
The target compound of T was studied in two combina-
tions with L-tryptophan, i.e., DL (heterochiral) and LL
(homochiral). Therefore, four types of solutions, i.e.,
(Zn2, L-tryptophan, and L-T), (Zn2, L-tryptophan, and
D-T), (Cu2, L-tryptophan, and L-T) and (Cu2, L-trypto-
phan, and D-T), were chosen to efficiently generate differ-
ent kinds of multimeric complexes in the single stage mass
spectra. Typical mass spectra are illustrated in Figure 1
(electrospray ionization of Cu2, L-tryptophan, and L-T)
and Figure 2 (electrospray ionization of Zn2, L-trypto-
phan and D-T). It was easy to find the following multi-
meric complexes, i.e., singly charged copper(II) bound
trimeric [TA2Cu-H]
, doubly charged copper(II) bound
tetrameric [TACu-H]2
2, and [T3ACu]
2 in Figure 1, dou-
bly charged zinc(II) bound tetrameric [TAZn-H]2
2 and
[T3AZn]
2, doubly charged zinc(II) bound pentameric
[T3A2Zn]
2, [T2A3Zn]
2 and [T4AZn]
2, even doubly
charged zinc(II) bound hexameric [T3A3Zn]
2 in Figure 2,
and singly charged protonated dimeric [TAH], doubly
charged protonated dimeric [TAH2]
2 and trebly charged
protonated dimeric [TAH3]
3 in both Figure 1 and Figure
2. The types and masses of all generated ions are listed in
Figure 1. ESI-FTMS spectrum of solutions of 50:50 water:methanol containing copper(II) salt,
L-tryptophan, and L-T. The mass spectrum is divided into two parts, the first part is from 100 to 800
Da, and the second part is from 800 to 1200 Da with the y-axis expanded approximately five times.
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Table 1. The mass assignments were made with both m/z
measurements and isotopic distributions. Complexes con-
taining Zn2 or Cu2 were easily identified due to the
special isotopic characteristics of zinc and copper. When
Zn2 was used as the binding ion more types of multi-
meric complexes were generated (shown in Table 1). The
peak abundances in the single stage mass spectra showed
no measurable differences among the diastereomeric com-
plexes containing H, Zn2, or Cu2 as binding ions. This
result indicated that the difference in stability between the
homo- and the heterochiral multimeric complexes was
not large. Therefore, tandem mass spectrometry exper-
iments were utilized to study the chirality of T.
Dissociating Multimeric Complexes Containing
Different Binding Ions
In the first instance, the pair of diastereomeric com-
plexes of [TAH] were mass selected due to the high
Figure 2. ESI-FTMS spectrum of solutions of 50:50 water:methanol containing zinc(II) salt, L-
tryptophan, and L-T. The mass spectrum is divided into two parts, the first part is from 100 to 800 Da,
and the second part is from 800 to 1200 Da with the y-axis expanded approximately five times.
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sensitivity and intensity. The product ion spectra
showed that only two daughter ions were generated,
one was [AH] formed simply by the loss of a neutral
ligand of T, the other was [AH-NH3]
 (m/z 188.09)
formed by the loss of both a neutral ligand of T and
NH3. The corresponding tandem mass spectra are
shown in Figure 3. The relative abundance ratio R was
given by R  [D]/[TAH] (here [D] denoted the
intensity of daughter ions). In these experiments T was
enantiomerically pure, therefore, R became RL for L-T
or RD for D-T, and the chiral selectivity Rchiral is given
by Rchiral  RL/RD as proposed in the literature [20].
The value of Rchiral was close to unity (Rchiral  0.95)
using [AH] as a reference ion. When [AH-NH3]
 was
used as a reference ion, the result was similar with
Rchiral  1.03. The value of Rchiral reflects the degree of
chiral distinction. The further that the Rchiral value is
from unity, the higher the degree of chiral recognition.
Chiral discrimination can be recognized by a value of
Rchiral larger than 1.1 or smaller than 0.9. On this basis,
the data from this experiment showed that almost no
chiral discrimination was found because of the small
energy difference between the pair of the diastereo-
meric complexes [TAH]. Therefore, metal binding
complexes were mass selected as parent ions to achieve
chiral recognition.
Fortunately, several complexes included both li-
gands A and T which possessed the potential of chiral
discrimation. The ion [TAM-H]2
2 was selected since it
was generated with Cu2 or Zn2 as the binding ion,
and because of its novel formation and its relatively
high sensitivity. To the best of our knowledge, such a
complex has not been reported for the study of chiral
Table 1. Type and mass of the ions generated in Figure 1 and Figure 2
Type of Ions
Ions in Figure 1 Ions in Figure 2
Ion Mass Ion Mass(m/z)
[AH] [AH] 205.12 [AH] 205.12
[TAH3]
3 [TAH3]
3 225.15 [TAH3]
3 225.15
[TAH2]
2 [TAH2]
2 337.69 [TAH2]
2 337.69
[TH] [TH] 471.28 [TH] 471.28
[TNH4]
 [TNH4]
 448.31 [TNH4]
 488.31
[TNa] NONa [TNa] 493.27
[TK] NON [TK] 509.25
[T2AM]
2 NON [T2AZn]
2 604.32
[TAH] [TAH] 675.41 [TAH] 675.42
[T2A2M]
2 NON [T2A2Zn]
2 706.40
[TAM-H]2
2 [TACu-H]2
2 736.37 [TAZn-H]2
2 737.42
[T2A3M]
2 NON [T2A3Zn]
2 808.47
[T3AM]
2 [T3ACu]
2 838.98 [T3AZn]
2 839.99
[TA2M-H]
 [TA2Cu-H]
 940.51 NON
[T3A2M]
2 NON [T3A2Zn]
2 941.58
[T2NH4]
 [T2NH4]
 958.65 [T2NH4]
 958.65
[T2Na]
 NON [T2Na]
 963.62
[T4M]
2 [T4Cu]
2 927.08 [T4Zn]
2 973.10
[T2K]
 NON [T2K]
 979.60
[T3A3M]
2 NON [T3A3Zn]
2 1043.66
[T4AM]
2 NON [T4Azn]
2 1074.69
[T2AH]
 NON [T2AH]
 1145.79
aNON denotes that the ion was not detected. M denoted metal ions of Zn2 or Cu2.
Figure 3. ESI-FTMS/MS spectra of [TAH] containing (a) L-T or
(b) D-T.
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recognition. The pair of diastereomeric complexes of
[TACu-H]2
2 produced different fragmentation pat-
terns, which showed a high degree of chiral discrimi-
nation depending strongly on the stereo configuration
of T (the tandem mass spectra are shown in Figure 4).
For [TACu-H]2
2 containing D-T, only two daughter
ions were produced, one was doubly charged Cu2
binding dimeric ion [T2Cu]
2 formed by the loss of a
neutral complex of [A2Cu-H2], the other was a proton-
ated fragment ion [P] (a fragment of T by the loss of
benzoic acid, m/z 349.20). In contrast, for [TACu-H]2
2
containing L-T, another daughter ion was generated
which was singly charged protonated monomeric ion
[TH] in addition to [T2Cu]
2 and [P]. However, chiral
discrimination was not achieved when [P] or [T2Cu]
2
was used as a reference ion (Rchiral 1.01 for the former
and Rchiral  0.93 for the latter). Fortunately, chiral
recognition was achieved with an infinite value of Rchiral
using [TH] as a reference ion. Therefore dramatic
chiral recognition ability was demonstrated by this
unique ion formed only by dissociating [TACu-H]2
2
containing L-T. This phenomenon was very attractive
and interesting so that further studies were carried out
by selecting [TAZn-H]2
2 as another pair of diastereo-
meric complexes.
As expected, two familiar daughter ions of [T2Zn]
2
and [P] were produced in the tandem mass spectra.
However, it was surprising that only these two daugh-
ter ions were produced for [TAZn-H]2
2 containing L-T.
In contrast, another daughter ion was produced for
[TAZn-H]2
2 containing D-T in addition to [T2Zn]
2 and
[P]. Furthermore, the third daughter ion was [AH]
instead of [TH]. In contrast to the case of Cu2, Zn2 as
the binding ion resulted in a high degree of chiral
recognition ability by using each daughter ion as a
reference ion (Rchiral  1.98, Rchiral  1.90 and Rchiral  0
Figure 4. ESI-FTMS/MS spectra of [TACu-H]2
2 containing (a) L-T or (b) D-T
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were obtained using [T2Zn]
2, [P], and [AH] as
reference ions, respectively). The tandem mass spectra
are shown in Figure 5. These results indicated that
[T2Zn]
2 and [P] were formed by a more facile cleav-
age of the complex of [TAZn-H]2
2 containing L-T. The
[AH] ion was only formed by dissociation of [TAZn-
H]2
2 containing D-T.
The reason for the more facile or unique dissociation
for the metal binding complexes remains unclear. Re-
cently, a similar facile dissociation was found for two
cis diastereomers of the glycol lesions of 2'-deoxyuri-
dine, 5-methyl-2'-deoxycytidine, and thymidine [43].
Usually, chiral recognition is explained by a difference
in stability between two diastereomeric complexes.
However, in the present results this explanation is not
adequate. This work demonstrates that the method
depends strongly on the choice of binding ion for the
chiral recognition characteristic. This result might indi-
cate that the binding ion affects the strength of the
interaction between the target and the chiral reference
[44]. The influence of binding ion would be enhanced in
the gas phase due to the absence of solvent. Therefore
different binding ions might induce different dissocia-
tion pathways [45, 46]. However, another question
remains unresolved. What is the origin of the proton in
these daughter ions, i.e., [P], [TH] and [AH]? The
first possibility is that the proton comes from the amino
acid or benzoic acid formed as neutral fragments in the
tandem MS experiments. The second possibility is that
the proton comes from an active hydrogen in T. The
existence of a relatively active hydrogen in T was
proved by deuterium–hydrogen exchange experiments.
Figure 5. ESI-FTMS/MS spectra of [TAZn-H]2
2 containing (a) L-T or (b) D-T.
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The experiment was performed by dissolving T and
anhydrous ZnSO4 in 50:50 (vol/vol) D2O-CD3OD. Be-
cause the molecular-ion peak (m/z 470) was not effec-
tively detected by EI method, CI was used with aceto-
nitrile as reaction gas. A peak of m/z 473 (deuterium-
labeled [TH]) was detected. Consequently, this
experiment demonstrated that a relatively active hydro-
gen exists in T.
Validation of the Method
First, the reproducibility of the present method was
investigated by changing the activation energy but
maintaining the activation pulse length of 1 s. The pair
of diastereomeric complexes of [TAZn-H]2
2 was se-
lected because of their strong chiral recognition ability.
The experiment was performed with the sequence:
[TAZn-H]2
2 containing D-T was first studied in an
activation attenuation experiment, then [TAZn-H]2
2
containing L-T was studied at the same activation
attenuation. The activation attenuation was then in-
creased and the pair of diastereomeric complexes was
studied in the same way. The activation attenuation
was increased from 26 dB to 34 dB with an interval of 2
dB. The effect of activation attenuation on the values of
R and Rchiral is illustrated in Figure 6. It was shown that
using [AH] as a reference ion, RD remained equal to
zero and RL changed very little over the entire activa-
tion attenuation range. In the same activation attenua-
tion range the values of RD and RL also changed very
little using [P] or [T2Zn]
2 as a reference ion except for
the activation attenuation of 26 dB. Moreover the value
of Rchiral changed only over the narrow range from 1.99
to 2.13 using [T2Zn]
2 as a reference ion when the
activation attenuation changed from 28 to 34 dB. Using
[P] as a reference ion the value of Rchiral increased only
by 0.39 when the activation attenuation changed from
26 to 34 dB. Therefore it can be concluded that the
direction of chiral recognition is not changed by the
activation attenuation and the extent of chiral recogni-
tion depends only weakly on the activation attenuation.
Subsequently, the reproducibility of the present
method was further investigated by continuously ac-
quiring tandem mass spectra of [TAZn-H]2
2 (contain-
ing L-T) with the activation attenuation maintained at
32 dB and the activation pulse length maintained at 1 s
(continuously determined six times, each with 20 accu-
mulated scans). An average value of RL  0.71 was
determined with R.S.D.  4.7% using [T2Zn]
2 as a
reference ion, and an average value of RL  0.83 was
determined with R.S.D. 4.5% using [P] as a reference
ion. These results demonstrate that the chiral recogni-
tion method has satisfactory reproducibility.
The possibility of interference by an acid was inves-
tigated by adding acetic acid (1%, vol/vol) to the
solution mixed with Zn2 or Cu2, L-tryptophan, and
D-T. Although the first stage mass spectra were found
to be sensitive to the acid, the important peaks, i.e.,
[TAZn-H]2
2, [TACu-H]2
2 and [TAH], were still pro-
duced. Fortunately, in the tandem mass spectra the
abundance ratios were found to be rather insensitive to
acetic acid.
Conclusions
The novel metal binding complexes, [TAZn-H]2
2 and
[TACu-H]2
2, successfully demonstrated a high degree
of chiral recognition of T. Moreover, it was proven that
these novel complexes access additional dissociation
pathways that provide more chiral discriminative infor-
mation. Formation of the unique fragment, i.e., [TH] or
[AH], depended dramatically on the stereo configura-
tion of T. The high degree of chiral recognition was
determined by discriminating the fragments formed not
only by whole-molecule loss but also fractional-mole-
cule loss. Finally, the method was shown to have good
reproducibility and a strong ability to tolerate interfer-
ence of acid.
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